Abstract The latest Planck results are in excellent agreement with the theoretical expectations predicted from standard normal inflation based on slow-roll approximation which assumes equation-of-state ω ≥ −1. In this work, we study the phantom inflation (ω < −1) as an alternative cosmological model within the slow-climb approximation using two hybrid inflationary fields. We perform Chain Monte Carlo analysis to determine the posterior distribution and best fit values for the cosmological parameters using Planck data and show that current CMB data does not discriminate between normal and phantom inflation. Interestingly, unlike in normal inflation, ω in phantom induced inflation evolves very slowly away from −1 during the inflation. Furthermore, in contrast to the standard normal inflation for which only upper bound on tensor-to-scalar ratio r are possible, we obtain both upper and lower bounds for the two hybrid fields in the phantom scenario. Finally, we discuss prospects of future high precision polarization measurements and show that it may be possible to establish the dominance of one model over the other.
Introduction
Precise measurements of the anisotropies in the CMB not only give us broad clue of past history of the universe but also allow us to obtain robust estimates of the cosmological parameters that govern the growth of structure of the universe. Current CMB observations are consistent with simple slow-roll model of inflation which predict adiabatic and nearly scale invariant spectrum of primordial perturbations (Smoot et al. 1992; WMAP Collaboration et al. 2013; PLANCK Collaboration et al. 2014a , 2016a . The inflationary era occurred in the very early universe (≈ 10 −35 seconds after big bang) which resulted in ultra rapid stretching of the tiny patch to the observable universe. The primordial density perturbation with an almost flat spectrum (scale-invariance) were generated as direct consequence of the quantum/vacuum fluctuations produced during inflation of some scalar field (Guth 1981; Hawking 1982; Liddle et al. 1994) . The primordial power spectrum P(k) is related to the observed CMB angular power spectrum C ℓ , the position and amplitude of the peaks being highly sensitive to the cosmological parameters.
Vast number of inflationary models have been explored so far ranging from coupled scalar fields to modified gravity. Such studies are motivated by many anomalies observed in the CMB which are not consistent with the simple slow-roll inflation. These anomalies include low CMB power at large angular scales (Bond et al. 1998; Iqbal et al. 2015; Qureshi et al. 2017) , hemispheric asymmetry and the cold spot (Eriksen et al. 2004; Hansen et al. 2004; PLANCK Collaboration et al. 2016b) , departure from either Gaussianity or statistical isotropy (Hajian and Souradeep 2003; Aich and Souradeep 2010; PLANCK Collaboration et al. 2014c ) and so on. Such models usually assume normal inflationary scenarios i.e they assume a scalar field with a positive kinetic energy term and equation of state ω ≥ −1 (PLANCK Collaboration et al. 2016c) along with some additional degree of freedom. From the last two decades or so the phantom inflationary scenario which has a negative kinetic energy term with equation-of-state ω < −1 has gained some attention as an alternative cosmological model (Caldwell 2002; Nojiri and Odintsov 2003; Singh et al. 2003; Piao and Zhang 2004; Lidsey et al. 2004) . Although, phantomlike forms can arise in several theories like k-essence models (Armendáriz-Picón et al. 1999) , brane cosmology (Sahni and Shtanov 2003; Piao 2008) , higher order theories of gravity (Pollock 1988) , string theory (Liu et al. 2014 ) such scenarios are known to suffer from the causality and stability problems (Baldi et al. 2005) like violating the dominated (null) energy condition and graceful exit from the inflation. However, many approaches have been put forwad such as quantum deSitter cosmology (Nojiri and Odintsov 2003) , gravitational back reaction (Wu and Yu 2006) , addition of additional scalar field (Piao and Zhang 2004) phantom-nonphantom transition Richarte and Kremer 2017) , perturbing of the isotropic and homogeneous FLRW metric and the components of the stress-energy tensor (Ludwick 2015) , effective field theories with momentum cutoff (Carroll et al. 2003) etc to avoid such problems. It has also been found that phantom models can explain the current acceleration of the universe and are consistent with classical tests of cosmology (Singh et al. 2003; Elizalde et al. 2004; Capozziello et al. 2006; Novosyadlyj et al. 2012) .
In this paper, we focus on the phantom scenario as a alternative cosmological model using two hybrid scalar fields. We obtain CMB power spectrum and corresponding primordial perturbation spectrum by carrying out MCMC analysis using the latest Planck data. We check the propensity of such models with respect to the standard normal model of inflation. The plan of this work is as follows: In Section 2, we introduce phantom inflation scenario and discuss its evolution using two single scalar fields. We discuss in section 3 numerical implementation used to obtain the primordial power spectrum. We then discuss methodology and CMB data set used in our analysis in section 4 to constrain the phantom inflation parameter space. In section 5, we give parameter estimates of the inflationary models and discuss consistency of such scenarios using Planck data. Conclusion is given in section 6. Throughout this work we have set = c = 8πG = 1 and adopted the metric signature (−, +, +, +).
Inflationary models
The action of the inflationary scalar field φ that is minimally coupled to gravity is given by (Weinberg 1972) ,
where β = −1 for the phantom inflation and β = +1 for normal inflation, R is the curvature scalar and V (φ) is the potential energy of the scalar field. The first term and second term in the brackets represent Lagrangians for the gravitation and scalar fields respectively. The energy-momentum tensor for the field T µν is given by (Weinberg 1972) ,
Considering standard cosmological flat FriedmannLemaitre-Robertson-Walker (FLRW) metric Lyth 1993, 2000) , above equation reduces to,
where the dot stands for derivatives with respect to the cosmic time. Using equation of state (i.e p φ = ω ρ φ ) gives,
Thus, if the weak energy condition of ρ φ ≥ 0 is to be satisfied, then for β = −1 we have phantom field having ω < −1. This actually is a case where dominant energy condition, p φ + ρ φ > 0, is violated. Moreover, considering local energy equation (i.eρ φ = +3H(p φ + ρ φ )), we also have,
where V φ ≡ (dV /dφ). The evolution of the scalar field is coupled to the evolution of the background Friedmann equations as,
In analogy to slow-roll normal inflation, phantom inflation is also characterized by two parameters,
They are generally refereed to as slow-climb parameters since the phantom field is driven to up-climb in the potential unlike in normal inflation where the inflation rolls down towards the bottom of the potentials. Moreover, unless some extra constrains are not introduced, inflationary phase driven by the phantom field, will continue up to the catastrophic Big Rip after some finite or infinite time (Sami and Toporensky 2004) . However, it has been shown by many groups that graceful exit from the phantom inflation can be invoked by considering various scenarios like additional normal scalar field (Piao and Zhang 2004) , cosmological back reaction (Wu and Yu 2006) , decay of transient phantom field to quintessence field (Richarte and Kremer 2017) etc. For the normal inflation, it has been found that small and large field inflation models always give rise to scalar spectral index of n s ≤ 1 while as hybrid inflation can lead to either n s ≥ 1 or n s ≤ 1 (Dodelson et al. 1997; Piao and Zhang 2004) . However, for phantom scenario, the situation is opposite and one finds that only hybrid inflation can produce spectral tilt n s ≤ 1 (apart from n s > 1) (Piao and Zhang 2004) which is favored by the latest CMB data. Therefore, we shall consider following two hybrid inflationary potentials in the phantom domain which can produce near scale invariant primordial power spectrum,
Here V 1 (φ) is the quadratic potential with an additional term (V * ) included so as to produce the red-tilt in the scalar primordial power spectrum (Kinney 1997; Liu et al. 2010) and V 2 (φ) can produce either red-tilt or blue-tilt scalar power spectrum depending on the parameters used (λ, φ * ). In the next section we will discuss the numerical method to obtain the primordial power spectrum for the inflationary potentials given by Eq. (9). Fig. 1 shows the evolution of ω using best fit parameters of hybrid potential obtained in section 5. Notice that during inflation the value of ω decreases further away from −1, however, this decline is very small, especially for the case of quadratic potential (not shown). This is in contrast with the normal inflation where strong deviations are expected in ω at the start of the inflation and its value approaches −1 near the end of inflation (Ilić et al. 2010) . Nevertheless, exact value of ω = −1, results in the scale invariance in the scaler power spectrum which is ruled out by the current CMB data at more than 5σ (PLANCK Collaboration et al. 2014b ). We will check the performance of the above two inflationary models with respect to the standard normal inflation which assumes inflationary potential to be sufficiently flat and smooth in which case scalar and tensor spectra have simple power law form,
where A s (A t ), n s (n t ) are the scalar (tensor) amplitude and spectral tilt respectively and k 0 is the pivot scale which is set equal to 0.05 Mpc −1 in this work.
3 Solving for scalar and tensor spectrum
The Fourier modes of the curvature perturbation (R) and the tensor perturbation (h) in spatially flat universe are described as,
where over-primes represent differentiation with respect to the conformal time and z = aφ/H. One usually solves the above equations along with Eq. (6) with efold as the independent variable which enables us accurate and efficient numerical computation (Hazra et al. 2013) . We assume that the initial state of inflation is built over non-phantom state with Bunch-Davies initial conditions (Liu et al. 2010 ) on R k,initial and R
where conformal time η is an irrelevant phase and initial conditions are set at scales k/aH ≈ 10 2 . Moreover, we Fig. 1 Evolution of ω as a function of e-folds N for the hybrid inflation in the phantom domain for the set of parameters which turn out to be the best fit values for the Planck data set.
choose the scale factor 'a * ' to be such that the pivot scale k 0 = 0.05 Mpc −1 leaves the Hubble radius at 50 e-folds before the end of the inflation (Hamann et al. 2007; Mortonson et al. 2009 ). Therefore, fixing the total number of inflation e-folds to be N total = 70, as is the usual convention, implies,
where N = 20 and H(N ) is the Hubble constant at e-fold N. Assuming gaussianity and adiabaticity, the primordial power spectrum of curvature perturbations P s (k) and tensor perturbations P t (k) are given by,
The additional factor of 2 in P t (k) is due to the two polarization modes of gravitational wave. The spectrum is computed at super-horizon scales (typically k/aH ≈ 10 −5 ) where it is effectively frozen. Finally, the scalar and the tensor spectral indexes are given by,
4 Observation and data analysis
Our analysis uses modified versions of the Boltzmann CAMB code (Lewis et al. 2000; Lewis and Challinor 2002; Seljak and Zaldarriaga 1996) 2 ), cold dark matter density (Ω c h 2 ), Thomson scattering optical depth due to re-ionization (τ ), angular size of horizon (θ), scalar spectral index (n s ), scalar amplitude (ln 10 10 A s ) and tensor-to-scalar ratio at the pivot scale of k 0 = 0.05 Mpc −1 (r) along with the parameters which describe phantom inflation (φ * and ln[10 10 V * ] or ln[10 10 m] and ln[10 10 λ]). Moreover, n t for the normal inflation under the slow roll is given by the consistency condition as n t = −1/8 r. For phantom case, n s and n t is derived using Eq. 17. The remaining parameters, which have neglible impact on the CMB power spectrum and hence cosmological parameters, were kept fixed: physical masses of standard neutrinos 'ν' = 0.06 eV, effective number of neutrinos 'Neff'= 3.046, Helium mass fraction 'YHe'= 0.24 and the width of re-ionization = 0.5. We have used flat prior distributions and Tab. 1 shows the prior ranges of all parameters used in this work.
Results and discussion
In this section, we present the parameter estimates of our analysis and compare the two phantom driven models against the standard normal model of inflation. Tab. 2 gives the best fit values and mean values with 1-σ errors that we arrive at on using the inflationary parameters for the standard power law case considering normal inflation and for the two inflationary potentials in the phantom scenario. From the chi-square estimates (χ 2 = −2 log L max , L max being the maximum likelihood), which is almost same for all the three models, we find that the phantom inflation scenarios turns out to be equally favorable as standard normal inflation. Fig. 2 show the marginalized posterior distribution and two dimensional posterior distributions along with contours at 68% and 95% of the parameters for the two inflationary potentials in the phantom domain. It can be seen that we were able to put good constraints on the parameters for both cases. Furthermore, we also notice that the inflationary potential parameters are highly 1 Since the latest Planck results (PLANCK Collaboration et al. 2018 ) (which came after the completion of this work) remarkably agree with earlier data releases we do not expect any significant changes in our results.
correlated. The rest of the cosmological parameters are within expected ranges and therefore are not shown in Fig. 2 . Fig. 3 shows the best fit total TT and TE CMB angular power spectra. We see that CMB power spectrum for both the inflationary potentials are strikingly similar with that implied by the normal inflation. The difference mainly occurs at the low multipoles which is cosmic variance dominated. The difference from normal inflation in TT power spectrum is less than 2% in both cases. For TE power spectrum, we find the difference from normal inflation is at most 5% for V 1 (φ) and 20% for V 2 (φ) except at few large ℓ multipoles where CMB power is close to zero (see lower panel of Fig. 3) .
However, looking at Fig. 4 , which shows the corresponding best fit scalar and tensor primordial spectra, one can see that tensor power spectrum for all the three cases can be easily distinguished. In particular, we see that the best fit tensor power spectrum for the V 1 (φ) is of much lower amplitude compared to other two models. For the normal inflation, we obtain only the upper limits on the tensor-to-scalar ratio r < 0.047. On the other hand, for the phantom case, we find relatively good constrains with r = 0.823
−7 for V 1 (φ) model and r = 0.591
It is important to note that r is better constrained in inflationary potentials because unlike in standard normal inflation, r depends on the inflationary potential parameters which are constrained reasonably well. One should also mention that our inflation parameter estimates depends on the total number of inflation e-folds, N total , chosen in Eq. (15). Since one usually presume that 60 N total 80, this dependence turns out to be small.
Moreover, interestingly phantom inflation can also result in slight blue-tilt tensor spectrum which differentiates it from the standard normal inflation (Piao and Zhou 2003; Baldi et al. 2005 ). However, we find for V 1 (φ) model, the tensor power spectrum has actually a red-tilt with a value of n t = −0.474
−5 . For V 2 (φ) model, we find blue-tilt spectrum: n t = 0.272
−2 . It may be noted that a blue-tilted n t can also be imposed, if the propagation speed of the gravitational wave during inflation is rapidy decreasing with time (Cai et al. 2016) .
Finally, although current Planck data does not distinguish the normal inflation from phantom inflation, it is worth mentioning that future CMB polarization dedicated missions such as PIXIE and S4 will have a potential to measure r at the level of r ≃ 10 −3 which could be decisive in distinguishing the two phantom scenarios from the standard inflation. According to the results of Calabrese et al. (2017) , future constraints from S4 experiment for a CMB signal with a tensorto-scalar ratio r ≃ 10 −3 will have a sensitivity level of σ r ≃ 5 × 10 −4 and the combination of PIXIE and S4 will enable a 5σ detection of r if larger than 2 × 10 −3 . Similar results where reported by Huang et al. (2015) for different future planned CMB satellite experiments. Since, for V 2 (φ) inflation we find r ≃ 10 −3 , future experiments should allow us to differentiate it from normal inflation and possibly from the quadratic inflation V 1 (φ) which predict much smaller value of r. Moreover, Huang et al. (2015) also showed that the CMB signal of tensor-to-scalar r ≃ 2 × 10 −3 will provide sensitivity level of σ nt ≃ 0.1 on tensor spectral tilt. Since we find much smaller value for the tensor spectral tilt, therefore, it may not be possible to have any significant constraints on it so as to distinguish phantom inflation from normal inflation.
Conclusion
In this work, we develop a numerical routine to accurately calculate the primordial density spectrum for the physically motivated phantom inflation. We show that unlike in the normal inflation where ω can change rapidly towards −1, the phantom driven inflation actually starts with ω close to −1 and then varies very slowly away from −1 with the e-folds. We obtain the best fit estimates of CMB and primordial perturbation spectra for the two phantom driven inflation scenarios using the Planck data and compare it with the normal inflation scenario. Our results show that the evidence for the phantom-like scenarios is same as that of normal inflation. However, we find that the phantom scenarios can be differentiated from the standard normal inflation in terms of the magnitude of the tensor power spectrum (or tensor-to-scalar ratio) which is currently not possible to precisely quantify from the present Planck data. In the light of our calculations, we show that over the next 10-15 years, a significant improvement in CMB polarization data from proposed and planned future experiments, which will have the capacity of ruling out the tensor-to-scalar ratio r > 10 −3 , may provide tight constraints on the early universe particle physics models to establish a supremacy of one model over other. However, the blue-tilt tensor power spectrum of phantom inflation which separates it from normal inflation will be hard to investigate with future CMB data. Table 2 The best fit and mean values of the cosmological parameters for the two phantom driven inflationary models along with the standard normal inflation obtained using Planck data.
